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Cold-atom inertial sensors target several applications in navigation, geo-
science and tests of fundamental physics. Reaching high sampling rates
and high inertial sensitivities, obtained with long interrogation times,
represents a challenge for these applications. We report on the inter-
leaved operation of a cold-atom gyroscope, where 3 atomic clouds are in-
terrogated simultaneously in an atom interferometer featuring a 3.75 Hz
sampling rate and an interrogation time of 801 ms. Interleaving improves
the inertial sensitivity by efficiently averaging vibration noise, and al-
lows us to perform dynamic rotation measurements in a so-far unexplored
range. We demonstrate a stability of 3×10−10 rad.s−1, which competes
with the best stability levels obtained with fiber-optics gyroscopes. Our
work validates interleaving as a key concept for future atom-interferometry
sensors probing time-varying signals, as in on-board navigation and gravity-
gradiometry, searches for dark matter, or gravitational wave detection.
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Introduction
Quantum sensing relies on the manipulation of internal or external degrees of free-
dom in atoms, molecules, opto-mechanical devices, photonic or solid-state systems,
and covers various applications such as magnetometry (1–3), the definition of fre-
quency standards (4, 5), short-range force measurements (6) or electromagnetic mea-
surements (7,8). Inertial sensors based on the coherent manipulation of superpositions
of momentum states in atom interferometers have been developed for more than 25
years (9–11), with the goal to address various applications. Examples of remarkable
achievements are tests of fundamental physics (12–16), metrology (17), or absolute
gravimetry (18–21). Such precision measurements of gravito-inertial effects directly
take benefit from the inherent accuracy and long-term stability of cold-atom sensors.
These two properties can eventually be combined with the high-bandwidth of relative
sensors, which is at the basis of sensor fusion (22). This approach is reminiscent of
atomic clocks, where probing the stable atomic energy structure is used for stabilizing
a microwave or optical oscillator (4, 5), or for tests of fundamental physics.
The extension of the applications of cold-atom inertial sensors to the measurement
of time-varying signals has been confronted to their reduced sampling rate, which
originates from their sequential operation and from the long interrogation time of the
atoms that is required to achieve high inertial sensitivity. This limitation is, for exam-
ple, an obstacle for applications to inertial navigation (23) or to fundamental research
related to dark matter detection (24) or gravitational wave astronomy (25, 26). In this
work, we report on the interleaved operation of a cold-atom inertial sensor, which op-
erates with a sampling frequency of 3.75 Hz and features a high inertial sensitivity, as
given by the 801 ms interrogation time of the atoms in the interferometer. The method
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of interleaving, which we demonstrate for both static and dynamic rotation rate mea-
surements, can be generalized to other atom interferometer architectures, and therefore
paves the way to the development of high-bandwidth and high-sensitivity cold-atom
inertial sensors.
Besides an increase in sensor bandwidth, we show that interleaving allows to effi-
ciently average vibration noise (as 1/τ , with τ the integration time), which represents
the most important noise source in cold-atom inertial sensors. As a consequence, we
demonstrate a record rotation rate sensitivity of 3 × 10−8 rad.s−1.Hz−1/2. Such a high
sensitivity level allows us to characterize the systematic effects of a cold-atom gyro-
scope in a so-far unexplored range (27,28), and to stabilize them at the few 10−10 rad.s−1
level. Previous works on atomic beam gyroscopes already demonstrated excellent
sensitivities (29) and long term stabilities close to the state-of-the-art of optical gyro-
scopes (30). As the long-term instability of gyroscopes is a limiting factor in inertial
navigation systems, achieving the performance of the best fiber-optics gyroscopes (31)
was a long-standing goal, which we attain for the first time with a cold-atom sensor.
Results
Experimental setup
Experimental sequence and principle of the gyroscope. The core of the experimental setup
used in this work has been described in (32), and is sketched in Fig. 1. The essen-
tial techniques are given in the Materials and Methods section, with further details in
the Supplementary Materials. In short, we laser-cool Cesium atoms to a temperature of
1.2 µK and launch them vertically at a velocity of 5.0 m.s−1. After a selection step of the
mF = 0 magnetic sublevel, we interrogate the atoms in the interferometer, and finally
detect their state at the output of the interferometer, on their way down, using fluo-
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Figure 1: Principle of the experiment. A: sketch of the experiment, where the
atoms are laser cooled (blue cloud) and launched vertically, interrogated by two Ra-
man beams (brought from the gray collimators and retro-reflected on the blue mirrors),
and detected on their way down (green box). The distance between the Raman beams
is L = 3
8
gT 2 ' 59 cm. B: diagram of the atom interferometer in the (xz) plane (not
to scale), with the blue and red lines respectively labeling the |~0〉 and h¯~keff momentum
states. The dashed and plain lines show the two paths of the matter-waves in the inter-
ferometer, which enclose an area of 11 cm2. C: trajectories of the successively launched
atom clouds in interleaved operation. Each interferometer has an interrogation time
2T = 801 ms and the cycle time is Tc = 2T/3 = 267 ms. The pi/2 pulses are shared
between the atom clouds entering and exiting the interferometer.
rescence detection. We realize the light-pulse atom interferometer using two-photon
stimulated Raman transitions with counter-propagating laser beams which couple the
|F = 3,mF = 0〉 and |F = 4,mF = 0〉 clock states of the Cesium atom.
According to the Sagnac effect, the rotation sensitivity is proportional to the area
between the 2 arms of the interferometer. Our gyroscope is based on a fountain con-
figuration with 4 light pulses to create a folded geometry thanks to gravity (33). The
symmetric 4 pulse fountain configuration allows to achieve a large area (11 cm2 in this
work) and leads to a vanishing sensitivity to constant linear accelerations. The inter-
ferometer phase shift, Φ, can be calculated from the relative phase between the two
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Raman lasers, ∆ϕlaser(t) = ~keff ·~rb,t(t) + ∆ϕ(t), which is imprinted on the diffracted part
of the matter-wave at the time t of the pulse. It reads:
Φ = ~keff ·
[
~rb (0)− 2~rt
(
T
2
)
+ 2~rt
(
3T
2
)
− ~rb (2T )
]
+ ∆Φ0, (1)
where ~keff is the two-photon wavevector, ~rb,t(t) is the position of the mirror retro-
reflecting the Raman lasers with respect to the center-of-mass of the free falling atoms
(subscripts {b, t} for bottom and top mirror, see Fig. 1), and 2T is the total interroga-
tion time. The last term ∆Φ0 is a controllable laser phase shift independent of inertial
effects. The phase shift associated to the stationary Earth rotation rate ~ΩE is given by
ΦΩ =
1
2
~keff ·
(
~g × ~ΩE
)
T 3, (2)
where ~g is the acceleration of gravity (34).
Interleaved operation. We employ a sequence of joint interrogation of successive in-
terferometers, which is obtained by using the same pi/2 Raman pulse for the atom
clouds entering and exiting the interferometer zone (32). Consequently, the sensor
can operate without dead times. The interleaved operation, which is reminiscent from
the atom juggling technique of Ref. (35), is then implemented by extending this joint
sequence to a multiple-joint sequence, as proposed in (36). The sequence of Raman
pulses is given in Fig. 1. If we denote 2T = 801 ms the total duration of the interferom-
eter, we launch an atom cloud every Tc = 2T/3 = 267 ms, which supposes that a cloud
is laser-cooled while 3 previously launched clouds are interrogated in the interferom-
eter. Due to timing constraints, the loading time of the magneto-optical trap (MOT) is
limited. The atoms are loaded in the MOT during 55 ms, and we detect 2×105 atoms at
the end of the interferometer. The light scattered from the MOT atoms causes incoher-
ent photon absorption and emission from the interrogated atoms and therefore a loss
of contrast (36). The contrast of the interferometer is 7.4%, limited by the expansion of
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the cloud during the free fall in the Raman beams of gaussian profile, and by the light
scattered from the MOT.
Technical upgrades. We implemented several key upgrades of our setup compared to
Ref. (32). First, we improved the detection noise which was limiting the sensitivity in
(32). The equivalent one-shot phase noise is now 71 mrad, corresponding to a rotation
noise of 8 nrad.s−1.Hz−1/2. Second, we implemented a real-time compensation of linear
acceleration noise (22), and a servo-loop to operate the interferometer at mid-fringe,
i.e. in its linear range. These techniques are described in the Materials and Methods
section. These upgrades result in a sensor which effectively operates without dead
times, as statistically very few points sit on the top or bottom of a fringe, where the
sensitivity vanishes.
Rotation rate acquisition. Fig. 2 shows a 32.5 hours acquisition of rotation rate mea-
surements obtained between September 23rd and 25th, 2017. To obtain this series of
data, we alternated the direction of the Raman wavevector (±~keff) and computed the
half-difference of two successive measurements to reject non-inertial (~keff-independent)
effects, such as AC Stark shifts (see Methods and Supplementary Materials- section S1
for the details of the sequence, and section S2 for the raw data). In the following, we
will analyze the sensitivity and the stability of the gyroscope from this acquisition.
Efficient averaging of vibration noise and record sensitivity
Vibration noise is the most important source of sensitivity degradation in cold-atom
inertial sensors of large area (i.e. using long interrogation time and/or large momen-
tum transfer techniques (37)). Efficient vibration isolation at low frequencies (below
few Hz) is technically challenging (e.g. (38)) and not suited for field applications. We
will show that interleaving allows to reduce the impact of this key noise source.
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Figure 2: Rotation rate measurement during 32.5 hours. In the blue (orange) trace,
each data point is the average over segments of 26.7 s (267 s) of raw inertial phase
measurements. The right axis translates inertial phase to rotation rate using the scale
factor of the gyroscope to stationary Earth rotation (from Eq. (2)).
In our sensor, the impact of inertial noise can be analyzed by considering a cen-
ter of rotation located at the top Raman beam: inertial noise then appears as linear
acceleration noise of both mirrors, plus rotation noise of the bottom mirror. The rota-
tion noise translates into random variations of the angle θB(t) of the Raman beam with
respect to a geostationary reference frame (34), and impacts the interferometer phase
as [θB(2T )− θB(0)] (Eq. (1)). In joint measurements, in which pi/2 pulses are shared
(occurring at times 0 and 2T ), the contribution of rotation noise cancels out when aver-
aging N successive measurements (see Material and Methods for a derivation). There-
fore, the gyroscope sensitivity should improve as τ−1, where τ = 2NT is the integration
time, instead of τ−1/2 in the case of uncorrelated measurements impacted by rotation
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noise.
Besides averaging rotation noise, the interleaved operation of our sensor allows us
to reduce the impact of residual linear acceleration noise: because our sampling fre-
quency (1/Tc = 3.75 Hz) is higher than the frequencies at which the acceleration noise
mostly contributes (around 0.5 Hz, see Table S1 in Supplementary Materials), corre-
lations appear between successive measurements, yielding a scaling of the sensitivity
that approaches τ−1 (rather than τ−1/2).
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Figure 3: Gyroscope sensitivity. Stability analysis of a 11.3 hour portion of the rotation
rate measurements of Fig. 2, between 1:22 and 12:47 on September 24th, 2017. The error
bars represent the 68 % confidence intervals on the estimation of the Allan deviation.
Dashed black line: 3.3× 10−8 rad.s−1× τ−1/2. Green dashed line: τ−1/2 scaling from the
one shot Allan deviation. Red dotted-dashed line: τ−1 scaling from the one shot Allan
deviation. Orange dotted line: detection noise limit corresponding to 8×10−9 rad.s−1×
τ−1/2.
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Fig. 3 shows the Allan deviation of the gyroscope stability for a 11.3 hour portion
of night data of Fig. 2. The improvement of the sensitivity as τ−1 for integration times
up to ' 7 s is clear. The stability then gradually enters the τ−1/2 regime characteristic
of uncorrelated white noise, corresponding to a sensitivity of 3 × 10−8 rad.s−1.Hz−1/2.
This sensitivity, which improves by more than a factor of 3 on our previous result (32),
establishes the new record for cold atom gyroscopes. As a comparison, our short term
sensitivity competes favorably with that of the best fiber-optics gyroscopes (31). Such
sensitivity enables to study several systematic effects affecting a cold atom gyroscope,
for the first time in the range of low 10−9 rad.s−1.
Systematic effects and gyroscope long term stability
A systematic shift specific to the interleaved interrogation originates from the light
scattered from the MOT towards the atoms interrogated in the interferometer (36). The
MOT scattered light is close to resonance and induces a loss of contrast and a differen-
tial light shift (AC Stark shift). The influence of induced light shifts is reduced by the
spin-echo-like four-pulse sequence, and by the use of ~keff reversal: alternating ±h¯~keff
momentum transfers changes the sign of the inertial phase shift but not the one of
the clock-terms (e.g. differential light shift), which are rejected when taking the half-
difference of two measurements (as done in Fig. 2). We measured the residual effect,
and showed that it corresponds to an instability below 7 × 10−11 rad.s−1 (see Supple-
mentary Materials). Although currently negligible, this effect is purely technical, and
could be resolved by having the MOT and the detection region out of view from the
atom interferometer region in future designs.
The most important systematic effects in atom interferometers with separated Ra-
man beams originate from relative wavefront mismatch coupled to deviations of the
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atom trajectories with respect to the ideal one (27,39). In our system, a relative angular
misalignement ~δθ between the top and bottom mirrors used to retro-reflect the Raman
beams (Fig. 1), coupled with an error of launch velocity ~δv (with respect to a velocity
of −~g T at the first Raman pulse) in the (y, z) plane results in a phase shift
∆Φ = 2Tkeff (δvyδθy + δvzδθz) = 12 mrad×
(
δvy,z
1 mm.s−1
)
×
(
δθy,z
1 µrad
)
. (3)
We explain in the Materials and Methods section how we set the parallelism between
the two Raman beams and the velocity of the atoms to approach the ideal trajectory,
in order to achieve an uncertainty on the residual systematic shift of 21 mrad (i.e.
4.6 nrad.s−1, from Eq. (2))).
After this systematic analysis and the corresponding fine-tuning of the apparatus,
we recorded the rotation rate acquisition displayed on Fig. 2. The stability of the gyro-
scope over the entire acquisition is analyzed in the Supplementary Materials (Fig. S5),
and is in agreement with that read from Fig. 3 for shorter integration times.
Dynamic rotation rate measurements.
We use the unprecedented sampling rate and inertial sensitivity of our gyroscope to
perform measurements of weak dynamic rotation rates. To this end, we modulate
the orientation of the experiment around the y axis. This was performed by applying a
force on the bottom plate linking the experimental frame to the vibration isolation plat-
form, via the voice-coil actuator controlling the tilt θx of the apparatus. We apply sinu-
soidal modulations of the form θx(t) = θ0 sin(ωt) with a period 2pi/ω and with an am-
plitude θ0 of few 10−7 rad. The resulting rotation rate is of the form ~Ω(t) = Ω0 cos(ωt)uˆy,
with Ω0 = ωθ0. The measurements are reported in Fig. 4 for modulation periods of 5 s
and 10 s. The respective modulation amplitudes are 2.3× 10−7 rad and 3.4× 10−7 rad.
Panels A and B show the atomic phase extracted from the transition probability, P (t),
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which follows the sinusoidal modulation. The total rotation signal from the atom in-
terferometer is the sum of this atomic phase and the phase compensated in real time.
A Fourier analysis of the total signal is shown in panel C. Within our frequency res-
olution, we find that the amplitude of the reconstructed rotation rate signal agrees
with the expectation of Ω0 with a relative precision of 5%. A more detailed analysis is
presented in the Supplementary Materials (section S5). Our proof-of-principle experi-
ment, performed in a so-far unexplored range of time resolution and inertial sensitivity
for a cold-atom sensor, demonstrates the impact of interleaved atom interferometry for
dynamic measurements.
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Figure 4: Measurement of dynamic rotation rates. Atom interferometer phase de-
duced from the transition probability, for rotation rate modulations of 5 s period (A)
and 10 s period (B). Plain line: sinusoidal fit to guide the eye. C): Fourier analysis of
the total rotation rate signal, with a frequency resolution is 0.37 mHz.
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Discussion
We demonstrated the method of interleaving in a large-area atom interferometer, as a
way to reach high sampling frequencies and high inertial sensitivities together. Inter-
leaving enables to efficiently average vibration noise (the largest noise source in cold-
atom inertial sensors), and is thus a promising way of reaching the quantum projec-
tion noise limit, a necessary condition before increasing the atom flux or implementing
schemes to approach the Heisenberg limit. As a result, we demonstrated record short
term sensitivities for a cold-atom gyroscope, and could thus characterize systematic ef-
fects in a so-far unexplored range. The rotation rate sensitivity and stability which we
achieved competes with that of the best strategic-grade fiber-optics gyroscopes (long-
term stability in the range of 5× 10−10 rad.s−1 (31)). Our results thus pave the way for
a change of technology in future high-precision inertial navigation systems.
In our setup, the maximum number of interleaved measurements is technically lim-
ited to 3 because of the arrangement of our detection system with respect to the MOT
region (see Materials and Methods). In a dedicated design, e.g. where the detection
region would be out of view from the upcoming clouds, sampling frequencies of 20 Hz
or higher could be reached. As an alternative, the use of atoms characterized by differ-
ent transition wavelengths for the cooling/detection/atom interferometer would be
beneficial, in order to circumvent the effects associated with the scattered light from
the source or the detected atoms. Our technique is thus well-suited to ongoing devel-
opments of atom interferometers with alkaline-Earth atoms (40).
Interleaving ties well with laser-cooling techniques, which are able to rapidly (in
less than 100 ms) produce cold samples with more than 107 atoms. Laser cooling be-
yond optical molasses such as degenerate Raman sideband cooling appear as a suitable
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solution for an increased brightness without compromising the cycling frequency. In-
terleaving is, in principle, also compatible with the production of ultracold, collimated,
atom sources (16), provided they can be produced (41) or extracted at sufficiently high
(several Hz) repetition rates.
The method of interleaved atom interferometry can be applied to different sensor
architectures, such as multi-axes accelerometers (by alternating measurements along
different axes at a high repetition rate), gavimeters or gradiometers. For example, in-
terleaving can be exploited to realize a gravimeter of both high accuracy and high
sensitivity in a single instrument, potentially allowing to surpass superconducting
gravimeters that currently feature record sensitivities but require regular calibrations.
As such, interleaving is representative of the flexibility of cold atoms for realizing ver-
satile inertial sensors, as compared to architectures involving macroscopic masses and
electro-mechanical systems. Regarding fundamental physics applications, reaching
high sampling rates is a prerequisite for future studies on dark-matter with atomic
accelerometers (24), as well as for gravitational wave detection with atom interferome-
ters (25,26). Interleaving is therefore a key concept for future applications of cold-atom
inertial sensors.
Materials and Methods
Details of the experiment
Cesium atoms loaded from a 2D Magneto-Optical Trap (MOT) are trapped and laser-
cooled in a 3D-MOT. We launch the atoms vertically at a velocity of 5.0 m.s−1 using
moving molasses with a (3D) cloud temperature of 1.2 µK. After the MOT and prior to
the interrogation, the atoms are prepared in the |F = 4,mF = 0〉 state using a selection
scheme based on the Stern-Gerlach effect (magnetic deflection of the atoms in mF 6= 0
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states). Light pulse interferometry is realized using two phase-locked Raman lasers
which couple the Cesium clock states (hyperfine splitting of 9.192 GHz). The Raman
lasers have a wavelength close to the D2 line (wavelength λ ' 852 nm) and are de-
tuned by 470 MHz from the excited state to reduce incoherent scattering. The impact
of residual relative Raman laser phase noise has been estimated to 50 mrad per shot of
atom interferometer phase. The Raman lasers are sent to the atoms through two optical
windows separated by L = 3
8
gT 2 ' 59 cm, with an interrogation time 2T = 801 ms. We
use gaussian Raman beams with 1/e2 diameter equal to 40 mm and about 120 mW of
total power. The interferometer output signal is determined by the probability of tran-
sition, P , from the F = 4 to the F = 3 state, which is read out via fluorescence detection
of the two levels’ populations after the atom interferometer light-pulse sequence. The
probability of transition is modulated according to P = P0 + A sin Φ, where C = 2A is
the interferometer contrast and Φ the interferometer phase.
Our experiment uses retro-reflected Raman beams, such as to form two pairs of
Raman beams inducing two transitions: one in the +~keff direction, and another in the
−~keff direction. Selectivity of the ±~keff transitions is provided by tilting the Raman
beams by an angle θ ' 3.80 degrees with respect to the horizontal, in order to introduce
a Doppler shift (±keffgT sin θ/2pi ' ±611 kHz at the first and last pi/2 pulses) which is
much larger than the width of the atom Doppler distribution (∼ 40 kHz). To follow the
resonance condition at each Raman pulse, we step-wise change the relative frequency
between the two Raman lasers during the sequence, such as to match the values given
by the underlying frequency chirp pattern (see details in Fig. S2 of Supplementary
Materials). To apply the frequency steps, we use a direct digital synthesizer (DDS)
driven by an FPGA.
Real-time compensation of vibration noise and mid-fringe lock. We measure the vibra-
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tions of the setup with two broadband seismometers (model Trillium Compact 120 s
from Nanometrics) located at the bottom and top of the experimental frame (see Fig. 1).
From the measured signal, we estimate the interferometer phase shift due to vibrations
and apply a corresponding phase jump to the relative phase of the Raman lasers 15 ms
before the last pulse. This allows us to reduce the standard deviation of the interferom-
eter phase from about 3.2 rad to 0.5 rad. To work within the linear regime where the
sensitivity is maximal, we alternate measurements on both sides of a fringe, and com-
pute an error signal from two successive measurements of the transition probability.
This error signal is integrated and used to servo-lock the interferometer at mid-fringe,
via a feedback on the Raman laser relative phase. More details are given in the Sup-
plementary Materials, section S1.
Efficient averaging of vibration noise
Following Eq. (1), and assuming that the Raman lasers are oriented purely in the x
direction, the 4-light-pulse atom interferometer phase shift is given by (we neglect the
duration of the Raman pulse):
Φ = keff [xb(0)− 2xt(T/2) + 2xt(3T/2)− xb(2T )] , (4)
with xb,t(t) the position of the bottom and top retro-mirrors with respect to the free-
falling atom cloud. The phase shift can be re-written as
Φ = keff [xt(0)− 2xt(T/2) + 2xt(3T/2)− xt(2T )] + keff
(
[xb(0)− xt(0)]− [xb(2T )− xt(2T )]
)
= Φacct + keffL (θb(0)− θb(2T )) , (5)
with L = 3
8
gT 2 the distance between the bottom and top mirrors, and Φacct the term
associated to the linear acceleration of the top mirror. The second term represents pure
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rotation of the bottom mirror about the position of the top one. Recalling that Tc = 2T/3
and writting as Φi = Φ(iTc) the atom interferometer phase at cycle i, the mean phase
after N measurement reads
Φ¯N =
1
N
N−1∑
i=0
Φi =
1
N
N−1∑
i=0
(
keffL [θb(iTc)− θb((i+ 3)Tc)] + δφ˜i
)
. (6)
The term δφ˜i encompasses contributions of detection noise, uncompensated linear ac-
celeration noise and laser phase noise. When expanding the sum in Eq. (6), most of the
θb terms mutually cancel, such that the mean phase reads
Φ¯N = keffL
θb (0)− θb ((N + 2)Tc)
N
+
1
N
N−1∑
i=0
δφ˜i. (7)
This equation shows that the random rotation noise averages as N−1 (first term). The
second term represents the uncorrelated noise contributions of standard deviation σδφ.
Their sum equals
√
N × σδφ, which corresponds to a scaling of the phase sensitivity as
as N−1/2.
Besides rotation noise, uncompensated linear accelerations in the frequency range
[0.1 − 1] Hz contribute to a large part the interferometer phase noise (see the Sup-
plementary Materials section S3 for details). This contribution, estimated to typically
about 500 mrad per shot, dominates the noise budget and may prevent from observ-
ing a clear τ−1 scaling of the gyroscope sensitivity. Interleaving, however, allows to
over-sample these fluctuations, thus introducing correlations between successive mea-
surements, which also contributes to the τ−1 dependence of the instrument sensitivity.
Alignment of the two Raman beams and atom trajectory
We set the parallelism between the top and bottom Raman beams by means of a two-
axis piezo-motorized mirror mount with 0.7 µrad resolution. By optimizing the con-
trast of the interferometer, we approach the parallelism with an uncertainty of about
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3 µrad, which is required for the matter-waves to recombine at the output of the inter-
ferometer. For the fine adjustment, we measure the dependence of the phase shift of
Eq. (3), ∆Φ = 2Tkeff(δvyδθy + δvzδθz), on δθy,z and δvy,z (as defined in the main text).
To this end, we set the atom trajectory in the (y, z) directions by varying the tilt of the
experiment (y direction) and the launch velocity during the moving molasses phase (z
direction). In the z direction, we could zero the systematic effect with an uncertainty
of 5 mrad. This amounts to set the velocity of the atoms at the first Raman pulse to the
ideal velocity (vz = gT ) with an uncertainty of 0.6 mm.s−1, and to set the parallelism
between two mirrors in the z direction with an uncertainty of 0.7 µrad.
The minimization of the systematic shift in the y direction was technically more
difficult to achieve than in the z direction: recording the dependence of the phase shift
on δθy for various velocities required to tilt the entire apparatus by several mrad in or-
der to vary δvy by several mm.s−1. This procedure required to manually move masses
on the base plate of the experiment sitting on a floating vibration isolation platform,
which introduced instabilities. We managed to set the y-velocity close to the ideal ve-
locity (vy = 0) with an uncertainty of 1.8 mm.s−1. The residual shift corresponds to a
phase variation of 21 mrad per µrad of δθy variation.
Limitation to the number of interleaved interferometers
When trying 5 interleaved cycles, we observed a dramatic loss of contrast of the in-
terferometer. The reason is that when a (descending) atom cloud at the output of the
interferometer enters the detection region, a part of the light scattered by the atoms
is directed towards the (ascending) cloud, which optically pumps atoms to unwanted
magnetic states and heats them before they enter the interferometer.
17
Supplementary Materials
Supplementary material for this article is available and contains:
Supplementary text, Sections S1 to S6
Figures S1 to S5
Table S1
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Supplementary Materials
Section S1: Real-time compensation of vibration noise, mid-fringe
lock, and details of the sequence
We calculate in real time the linear acceleration phase of the atom interferometer and
compensate for it by applying a phase jump ΦRTC at each cycle in the phase lock loop
(PLL) of the Raman lasers (22). Specifically, we record, for each interferometer cycle,
the signals of two seismometers during 786 ms, and compute the vibration phase shift
by applying the sensitivity function of the 4 pulse interferometer to the half sum of the
seismometer signals. As the transfer of the phase jump information to the direct digital
synthesizer driving the PLL takes about 10 ms, we stop the seismometer acquisition
15 ms before the end of the cycle (yielding 801− 15 = 786 ms). This corresponds to an
(estimated) 60 mrad rms error in the evaluation of the vibration phase.
Fig. 5 shows the histogram (in blue) of the estimated vibration phase, correspond-
ing to a phase noise of 3.2 rad in standard deviation. The real time compensation of
vibration allows to work within the linear response of the interferometer by reducing
the phase spread to 0.52 rad, i.e. by a factor of 6 (orange histogram).
To work around mid-fringe on long-term acquisitions, an extra phase jump ΦSRS,i =
ΦMFL,i + (−1)i × pi2 is added to ΦRTC,i at each cycle i. The value of the mid-fringe lock
(MFL) phase is servoed by alternating measurements on both sides of a fringe with the
application of successive ±pi/2 phase shifts (see Fig. 6, top panel). At the ith cycle, the
error signal of the loop is calculated as
i = (−1)i(Pi − Pi−1), (8)
where Pi is the transition probability at the ith cycle. The correction is a pure integrator,
25
10.0 7.5 5.0 2.5 0.0 2.5 5.0 7.5 10.0
phase (rad)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
oc
cu
re
nc
e 
(n
or
m
al
iz
ed
)
vibration phase
with RTC
Figure 5: Histogram of the vibration phase and of the interferometer phase with real
time compensation (RTC) of vibration. The standard deviation of the vibration phase
(interferometer phase) is 3.2 (0.52) rad.
with the value of the phase at cycle i given by:
ΦMFL,i = G
i∑
p=0
p (9)
where G is the gain of the lock. The value ΦMFL,i is calculated at cycle i and applied
at cycle i + 1. Once the lock has converged (typically after 50 s for a gain G = 30), the
value of the interferometer phase can be directly read from ΦMFL. The total phase of
the atom interferometer (for each value of ~keff) is computed as follows:
Φi = (−1)iPi − Pi−1
2A
+
1
2
(ΦSRS,i + ΦSRS,i−1) , (10)
where A is the fringe amplitude. The stability of the interferometer phase (as analyzed
in Fig. 3 of the main text) is mainly given by the first term of Eq. (10) at short term
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(for integration times below the mid-fringe locking point), while the second term is
representative of the phase stability once the lock has converged.
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Figure 6: Details of the sequence. See the text for the explanations of the panels. In
the bottom panel, (f − fHFS) denotes the offset of the Raman laser relative frequencies
from the hyperfine splitting frequency, and fD ' 611 kHz the maximum Doppler effect,
as defined in the Methods of the main text.
Fig. 6 shows the detail of the sequence. The top panel illustrates the alternation of
the Raman wavevector (±~keff) and of the interferometer fringe side. The middle panel
shows the height of the atomic cloud as a function of time (solid lines), thereby indi-
cating the shared pi/2 light pulses (solid symbols) and the not shared pi light pulses
(empty symbols). The color code highlights the joint points : successive sequences of
the same color have one pi/2 pulse in common. The bottom panel plots the correspond-
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ing frequency difference of the Raman lasers (thick black line) to meet the two-photon
resonance condition (thin colored lines, equivalent to a linear frequency ramp) at each
shot. The symbols mark the light pulses.
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Section S2: Raw data
Fig. 7 shows the raw data from which we extract the inertial phase shown in the main
text. As written in Eq. (10), the total phase is computed as a sum of the SRS phase and of
the atomic phase obtained from the transition probability. We extract the atomic phase
by using a linear approximation of the response of the atom interferometer instead of
the sinusoidal response, since we operate near the center of the fringe.
Figure 7: Raw interferometer measurements corresponding to the data presented in
Fig. 2 of the main text. One shot corresponds to Tc = 0.267 s. The time axis spans
from 21:10 on 23/09/2018 to 5:41 on 25/09/2018. The top panel shows the phase of
the direct digital synthetizer (SRS) that is used to steer the interferometer at mid-fringe,
for the four different configurations of interferometer (±~keff and each with two sides of
the fringe). The bottom panel shows the atomic transition probability, P , from which
we extract the phase following Eq. (10) with A ' 0.037 the fringe amplitude.
29
Section S3: Analysis of vibration noise
Fig. 8 shows the amplitude spectral density of the linear acceleration noise of the
experiment,
√
Sa(2pif), recorded by the two seismometers. We estimate the contribu-
tion of each frequency band [f1 − f2] to the interferometer phase noise by
σ2Φ(f1, f2) =
∫ f2
f1
|Ha(2pif)|2Sa(2pif)df, (11)
with |Ha(2pif)| = 8keffω2 sin(ωT2 ) sin2(ωT4 ) the transfer function of the 4 pulse interferome-
ter, see Ref. (42). This transfer function acts as a band-pass filter with a peak sensitivity
centered around 1/T . The result of the numerical integration in Eq. (11) is given in
Table 1. The main contribution to the interferometer phase noise is the frequency band
centered around 0.5 Hz. The estimation of the total phase noise (3.2 rad) with this
method matches with the measured standard deviation of vibration phase (Fig. 5).
frequency band (Hz) 0.01-0.1 0.1-0.3 0.3-0.4 0.4-0.5 0.5-1 1-10 10-100 total
σ2Φ (rad
2) 0.02 0.93 3.7 3.9 1.4 0.26 0.005 10.4
Table 1: Contribution of the linear acceleration noise to the interferometer phase noise
by frequency band. The total rms phase noise is σΦ = 3.2 rad.
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Figure 8: Analysis of vibration noise. Top: Amplitude spectral density of linear accel-
eration noise. Bottom: contribution to interferometer phase noise as from Eq. (11). The
black line shows the acceleration transfer function of the interferometer, |Ha(2pif)|2.
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Section S4: Stability analysis
The stability of the gyroscope over the entire acquisition displayed in Fig. 2 of the main
text is analyzed in Fig. 9. As the data set includes the day time were the vibration noise
is higher than during night time, the short term sensitivity is slightly worse than in
Fig. 3 of the main text, but the τ−1 scaling is still clearly visible.
When looking closely at the raw data averaged over 267 s segments (orange trace
in Fig. 2 of the main text), a small modulation can be noticed. To highlight it, we show
in the inset of Fig. 9 the result of a sinusoidal fit to the 267 s averaged data where the
fit period is fixed to 24 hours; the fitted amplitude equals 4.0 mrad. This sinusoidal
modulation reveals itself as a drift of the Allan deviation around 10 000 seconds, at
the level of about 0.5 nrad.s−1. We attribute this modulation to a daily variation of the
relative angle between the Raman beams in the y direction: as explained in the Material
and Methods (section ’Alignment of the two Raman beams and atom trajectory’), a
drift of 0.2 µrad is enough to explain a modulation of 4.0 mrad of the interferometer
phase. Removing this instrumental drift yields the orange trace in Fig. 9, showing a
stability of 3×10−10 rad.s−1 at 30 000 s integration time, in agreement with that read
from Fig. 3 of the main text for a shorter integration time.
Section S5: Analysis of the dynamic rotation rate measurements
Following Eq. 1 of the main text and Ref. (34), the full phase shift in our atom interfer-
ometer can be expressed as
Φ =
1
2
~keff · (~ΩE × ~g)T 3 + 3
4
~keff · (~ΩF × ~g + ~ΩE × ~a+ ~ΩF × ~a)T 3, (12)
with ~ΩE the Earth rotation rate, ~g the local acceleration of gravity, ~ΩF the rotation rate
of the experimental apparatus with respect to the local geostationary reference frame,
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Figure 9: Stability analysis of the gyroscope. Blue: Allan deviation of the rotation rate
measurement of Fig. 2 of the main text. Orange: Allan deviation of the measurement
when subtracting a fitted sinusoidal modulation of fixed 24 hour period (inset). The
dashed line is a visual guide to the eye representing a scaling as 4×10−8 rad.s−1×τ−1/2.
and ~a the acceleration of the apparatus with respect to that frame. For the demon-
stration of dynamic rotation rate measurements presented in the main text (Fig. 4), the
rotation rate of the apparatus is modulated as ~ΩF (t) = Ω0 cos(ωt)uˆy, the Earth rotation
phase shift (first term in Eq. (12)) is a constant offset, and the two terms in the second
parenthesis involving the acceleration ~a of the apparatus are negligible. Therefore the
dynamical phase shift reads
Φdyn(t) ' 3
4
~keff · (~ΩF (t)× ~g)T 3 = SΩF (t), (13)
33
with S = 3
4
keffgT
3. This expression is valid if the rotation rate is constant over the
duration of the interferometer (2T = 801 ms). Here, we apply sinusoidal modulations
of 2pi/ω = 5 − 10 s period, and the atom interferometer delivers at every shot iTc a
rotation signal integrated over a duration of 2T :
Φ(iTc) = SΩ0 cos[ω(iTc + T )]× sin(ωT )
ωT
. (14)
The last term corresponds to a correction of 0.96 for 5 s period, and 0.99 for 10 s period.
To reconstruct the total phase from the atom interferometer, we sum the contribution of
the phase deduced from the transition probability, Pi/A (with A the fringe amplitude),
and the phase ΦRTC,i which was used in the real time compensation.
To compare the amplitude of the signal measured on the atom interferometer with
the expected signal amplitude, we need to know accurately the applied rotation rate
amplitude Ω0 = ωθ0. Here θ0 is the amplitude of the applied sinusoidal modulation
of the orientation of the experiment, as defined in the main text. We measure θ0 by
comparing the signal of three different sensors: a tiltmeter, an accelerometer (which is
sensitive to the the projection of gravity on its horizontal axis, g sin θx(t) ' gθx(t) =
gθ0 sin(ωt)), and a seismometer (which is sensitive to the integrated projection of grav-
ity). Taking into account the calibrated response of these instruments, we extract θ0 and
find an agreement between the three sensors with a relative discrepancy of 5%. This
allows us to calculate the amplitude of the sinusoidal signal in Eq. (14), Sωθ0 × sin(ωT )ωT ,
with an uncertainty of 5%. The measured amplitude agree with the expected ampli-
tude within this uncertainty on θ0.
Section S6: Systematic effect from the scattered light
The light scattered by the MOT atoms, Psc(t), induces a differential light shift, δAC(t) ∝
Psc(t), which, when integrated over time along the trajectories of the atoms in the in-
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terferometer, results in a phase shift, φAC ∝
∫
Psc(t)dt. The induced light shift is largely
canceled by the symmetric, spin-echo-like, four pulse configuration, and by the use of
~keff reversal. Still, to measure any possible residual effect from the scattered light on
the inertial signal, we vary the MOT loading time from t1 = 35 ms to t2 = 55 ms. On
such timescales, we observe that Psc(t) ∝ t by recording the MOT fluorescence, which
corresponds to a scaling of the induced light shift φAC ∝ t2.
When varying the loading time from t1 to t2, we measure a non-inertial contribution
(obtained from the half-sum of ~keff measurements) of (55±16) mrad, in agreement with
a calculation of the expected light shift contribution. On the inertial signal (obtained
from the half-difference of ~keff), the measured phase difference is (20± 17) mrad. Since
φAC ∝ t2, varying the loading time from t1 to t2 amounts to vary the systematic shift
by a relative factor [(t2 − t1)/t2]2 ' 60%, with respect to the effect associated to the
usual t2 = 55 ms loading time. Our measured fluctuations of 1% rms of the level of
scattered light (for 55 ms MOT loading time) thus translate into an upper bound on the
phase instability of 20 mrad× 1
60
' 0.3 mrad, corresponding to a gyroscope instability
of 7× 10−11 rad.s−1 (we translate phase to rotation rate using the scale factor of Eq. 2 of
the main text). The influence of the scattered light from the fluorescence detection was
evaluated to be even lower.
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